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II A recurrence analysis technique using probability and contingency relationships of snow
depth, wa.ter equivalent, and snow density is presented. Three methods of estimating snow
water parameters at site A by recurrence and the presently used regression techniques are

I based on (1) the value from the previous month at site A, (2) the value from a reference
site, and (3) the month to previous month contingency parameter of the reference course. The
recurrence technique (Pearson type 3) when it was tested on three central Idaho snow courses
was most useful when method 3 was used to estimate snow depth and either method 1 or 3

I was used to estimate the water equivalent. Correlation of estimated values to measured
values indicated equal reliability of recurrence and regression analysis when the three methods
were used. The recurrence technique can successfully be used in estimating snow water param-
eters and their probability of occurrence. This technique like the regression technique requires
a basic data set before it can be applied.

A reasonably accurate and reliable method is the ratio of a particular snow water parameter
! required for estimating snow depths and water to the same measurement made the preceding
, equivalent values when it is either impossible month for the same site. All snow water param-

or undesirable to measure them. Standard re- eters used in this paper represent approximately
! gression techniques are available; however, they first of the month measurements. Thus an
I provide no insight into the frequency distribu- April: March snow depth contingency ratio
I tion or probable recurrence intervals. The Pear- would mean the snow depth on April 1 for
I son type 3 recurrence analysis technique pro- a particular site divided by the snow de~th on

vides an additional means of estimating snow March 1 of the same year for the same site.
depth, water equivalent, and snow density. M P. ETHODS AND ROCEDURES

In thIS paper the term snow water param-
I eter includes both the snow depth and the wa- Snow survey data [Soil Conservation Service,
, ter equivalent of the snow pack as well as 1921-1964, 1965-1971] were analyzed for 12
! the dimensionless computed water:snow depth snow course sites in the western United States.

ratio (density). The term recurrence interval Four central Idaho sites in the Big Wood River
is defined as the computed percent probability drainage (Figure 1) were selected to illustrate

. I level at which a given event is expected to occur the estimating procedures: Data were ~vailable
! or reoccur. The contingency ratio is defined as for January through Apnl; however, SInce the
I spring snow water parameters are generally of
j greater interest than parameters f?r other sea-
I I N . th th U S A C f E . sonl! for runoff and flood forecastIng, only the

ow WI e.. rmy orps 0 ngmeers,I Walla Walla, Washington. March and April parameters were used to show
I the various procedures. Contingency ratios were
I Copyright @ 1973 by the American Geophysical Union. computed for each parameter. By use of both
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depths, water equivalents and densities, and. the three corresponding contingency ratios was
C Vall', made for each snow course site. Each event

'f within a particular series or data set (e.g., April' 0 2S so
d" 'Sca";~ M;',. snow epths, 1950-1971, Galena Summit) was

- - then ranked (I?rgest first), and the formulaSnow c - No Dafa ..,~ y"" " 5... c"""
Reo", EI', (ff) M/{N + 1), where M is the rank and N is the

' M"., o"a, '4F9 '949-1912 24 9000
2 Go".' S m;f 14FI2M '9'O-19n 23 819' number of observed events was used to com-
3 Gol,., 14FIM 1930-19n 23 1300 ,
4 G,o'om .,no' 14F. '936-19n 31 6200 pute the plotting positions representing the

Fig. 1. Central Idaho snow courses on the Big expected probabilities of the ranked events
Wood River dr~inage used for the Pearson type [Larifjbein, 1960]. The Pearson type 3 method,
3 method analysIs. commonly used in runoff analysis [U.S. Water

Resources Council, 1967] was selected to fit the
the probability recurrence analysis and the re- t d I tt . .t. . .

t f d. . .. . compu e p 0 rng pOSI Ions, SInce I was oun

gresslon analysIs the relIabIlIty of the developed I.
bl d [V nd Wh le.. .. app Ica e to snow ata ance a a y

relatIonshIps for estimatIng the snow water ,

parameters was evaluated. Data used in devel- 1971]. . .
oping the probability, or recurrence, curves or The Pearson .type 3 probabIlIty curve was
the regression analyses were those for the data found to descnbe adequately the frequency
periods and sites shown in Figure 1 except that series of actual snow water measurements for
the 1972 data were excluded. the Mount Baldy snow course (Figure 2), three

adjacent courses (data not shown), and seven
Frequency Analysis courses (data not shown) throughout the north-

A series frequency analysis of the snow western United States.
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Fig. 2. Recurrence curves from the Mount Baldy snow course. Squares represent the ranked

data for each parameter, and the solid line is the Pearson type 3 fit.
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Recurrence Estimating Methods 1971 yielded a mean absolute error of 6.2%
Three recurrence methods were used to esti- and had a coefficient of determination of 0.92

mate snow water parameters. (Table 2, water equivalent, method 1, Galena
, Method 1. This analysis method (equal Summit). .. .
( month to month recurrence) uses the recur- Method 2. ThIs analysIs method (equal BIte

f rence interval of a selected parameter value to site recurrence) uses the recurrence interval
for a given month as a basis to forecast the of a selected parameter value at site A to esti-
respective parameter value for the succeeding mate the respective parameter value for an
month at the same site. The method is based adjacent site B. It is assumed that the recur-
on the assumption that the recurrence intervals rence intervals at which each measured event
of a given snow water parameter are equal for occurs for a given month and site are the same
the two successive months. Suppose a March as those expected for each event occurring at
water depth of 19.9 inches was measured at the the nearby site. For example, the known Mount
Galena Summit site and that a prediction of Baldy April water equivalent of 21.1 inches is
the April Galena Summit water equivalent for at the 50% recurrence interval (Table 1). The
that same year is desired. As is shown in Table April water equivalent expected at Galena
1, this water equivalent (19.9 inches) has a Summit would also be at the 50% recurrence
50% recurrence interval, and the assumption of interval. Therefore the estimated April Galena
method 1 is that the April water equivalent Summit water equivalent would be 24.7 inches
would then also have a 50% recurrence interval. (Table 1).
Thus the forecasted April water equivalent at The assumption of method 2 that the Galena
Galena Summit would be 24.7 inches. Summit and Mount Baldy water equivalent re-

The assumption that the Galena Summit currence intervals are nearly equal is verified by
water equivalent recurrence intervals for March a coefficient of regression of b = 0.93 for the
and April are nearly equal appears valid. The recurrence intervals with a coefficient of deter-
coefficient of regression (b in Y = a + bX) for mination of 0.95. The coefficient of determina-
the water equivalent recurrence intervals for tion between the estimated April water equiv-
March versus April was 0.96, indicating nearly alent values and the corresponding c'ilculated
a 1 : 1 relationship. The coefficient of determina- values for the 1950-1971 period was 0.83. Thus
tion between actual recurrence intervals of 83% of the variation in the estimated water
March data and those of April data was equivalent values for Galena Summit is ac-
0.91. A comparison of the estimated and mea- counted for by similar variation in water equiv-
sured April water equivalent values for 1950- alent values on Mount Baldy (Table 2).

TABLE 1. Computed Recurrence Values for Mount Baldy and Galena Summit Sites

% Probability of Occurrence

Snow Course Frequency Series 95 90 80 50* 20 10 5 4 2

Mount Baldy
Water equivalent, inchest March 1 9.8 11.3 13.0 17.5 23.7 27.8 31.7 32.9 36.8t April 1 12.2 14.0 16.0 21.1* 27.6 31.7 35.5 36.7 40.3

I April:March contingency water 0.99 1.02 1.06 1.17* 1.33 1.43 1.53 1.57 1.67
equivalent ratio

Galena Summit
Water equivalent, inches

~arch 1 10.9 12.8 14.8 19.9* 26.2 30.0 33.3 34.3 37.4
April 1 15.0 17.1 19.3 24.7* 31.1 34.2 38.2 39.3 42.3

{, April:~arch contingency water 1.07 1.11 1.14 1.23 1.35 1.43 1.49 1.52 1.58
equivalent ratio

* These data were used in the examples in the text.
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C' TABLE 2. Mean Error X of the Absolute Difference between the Estimat~d April Snow Water Parameters

and the Corresponding Measured Parameters and the Standard Error of the Mean 8 and the Coefficient of
Determination r2 between the Estimated and Measured Values for Three Sites for 1950-1971

Recurrence Analysis Linear Regression Annalysis

g 8 rl X 100 X 8 rI X 100
.'1

~ Snow Depth.4 Method 1
~1 Galena Summit 8.0 6 70 8.7 6 70

,Galena 9.3 6 72 10.7 7 68
b 'e4If, Graham Ranch 13.5 10 70 14.6 11 65
81.. ~ fJ Average 10.3 7 71 11.3 8 68
,,-yo - Method 2-. Galena Summit 9.4 8 70 9.5 8 70

:e Galena 11.0 10 70 10.3 11 70
!. Graham Ranch 13.4 9 70 12.6 11 67-.. Average 11.3 9 70 10.8 10 69
~ Method 3
~;' Galena Summit 6.8 6 84 7.0 6 84
, . Galena 8.8 8 77 7.8 6 79 ."

.~ Graham Ranch 11.4 9 68 9.4 8 84 ~

.as i1 Average 9.0 8 76 8.1 6 82 ~
,- Water Equivalent '

".. Method 1

Galena Summit 6.2 5 92 5.9 5 92
Galena 8.3 5 90 8.6 6 88
Graham Ranch 11.4 9 88 9.9 12 88
Average 8.6 7 90 8.1 8 89

Method 2
Galena Summit 9.6 9 82 9.5 7 84
Galena 10.5 8 86 9.3 10 86
Graham Ranch 13.0 8 82 12.0 9 82
Average 11.0 8 84 10.3 9 84

Method 3
l(JJ'-'1; Galena Summit 5.3 5 96 6.1 3 96
.. j Galena 8.4 7 90 8.2 5 94
_to Graham Ranch 10.6 9 82 8.5 9 92
~.. Average 8.1 7 89 7.6 6 94

~ Snow Density
~~ Method 1

Galena Summit 6.3 4 60 5.8 4 58
Galena 5.8 6 59 5.2 5 61

W 10 Graham Ranch 6.7 6 33 6.4 4 31
(.;~~~~ Average 6.3 5 51 5.8 4 50

Method 2
Galena Summit 3.9 4 79 3.8 3 77
Galena 3.9 3 77 4.1 3 79
Graham Ranch 4.5 4 64 4.3 4 66
Average 4.1 4 74 4.1 4 74

Method 3
Galena Summit 6.2 4 67 5.1 4 71
Galena 6.0 6 60 4.9 5 71
Graham Ranch 12.0 9 16 10.1 7 29
Average 8.1 6 48 6.7 6 57

Method 3. This analysis method (equal site recurrence interval as the contingency ratio at
to site contingency) uses the contingency ratio site A. To determine the estimated value for
(Figure 2) that occurred at site A to select the second month, the estimated contingency
the contingency ratio at site B having the same ratio for site B is then multiplied by the pa-
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rameter value at site B measured on the first method 1 the absolute differences between the
i of t~e two co~ecutive months composing the estimated April data, estimated from recurrence

contIngency ratiO. or regression analysis, and the April measured
Method 3 assumes that the contingency ratios values were calculated. The absolute error was

for the two sites being considered have the determined as (d/m)100, where d is the absolute
same recurrence intervals for the estimating value of the difference between the estimated
periods. The coefficient b for the regression of and the measured parameter and m is the mea-
the Galena Summit water equivalent contin- sured value of the parameter. The mean X and
gency ratio (Apri1:March) on that for Mount standard error s were calculated for the absolute
Baldy was b = 0.71. An example of the appli- error and are shown in Table 2. The coefficient
cation of this method follows. If the measured of determination r2 between the measured data
April:March water equivalent contingency and the values estimated from either the recur-
ratio at Mount Baldy is 1.17 and the measured rence or the regression method is also shown
March water equivalent at Galena Summit (Table 2). These computations were repeated
is 30.0 inches, an estimate of the April water for each of the three methods and each of the
equivalent for Galena Summit can be made. three snow water parameters.
Since the Mount Baldy April:March water The statistical parameters X and s and the
equivalent contingency ratio is at the 50% coeffic.ient of determination r2 indicate that
recurrence interval (Table 1), the April: estimates for Galena Summit, Galena, and
March water equivalent contingency ratio ex- Graham ranch were similar when either the
pected at Galena Summit should also be at recurrence analysis or a regression analysis was
the 50% recurrence interval. Therefore, the used.
April: March Galena Summit water equivalent Method 3 (site to site contingency), com-
contingency ratio expected is 1.23, and the esti- pared to methods 1 or 2, seems to be the better
mated April water equivalent is 1.23 X 30.0 technique for estimating the snow depth at any
inches, or 36.9 inches. Estimates computed by of the three sites. Method 3 on the average
method 3 when they were compared to the accounts for 76% of the observed variation
1950-1971 measured April water equivalent between measured snow depths, as compared
values at Galena Summit had a coefficient of with 70% for methods 1 and 2, and, in general,
determination of 0.96. method 3 has a somewhat smaller absolute

error.
Regression Estimating Methods Methods 1 and 3 are superior to method 2

Regression analysis was performed on the for estimating water equivalent because they
measured snow water parameters for 1950- account for an average of 90% of the variation
1971. By use of method 1 the April snow water of measured water equivalent, as compared to
parameter for example, was regressed on the only 84% by method 2. The magnitude of the
March parameter at the same site. With method absolute error also indicates the superiority of
2 the snow water parameter for a given month methods 1 and 3.
at site A was regressed on the same parameter Method 2 accounted for 74% of the variation
for the same month at site B. By use of method in measured snow densities, compared to about
3, contingency ratios of site A were regressed 50% by methods 1 and 3. The r values for
on those of site B for the same estimating pe- snow density, however, are considerably lower
riod. For single independent parameters, linear than those calculated for snow depth and water
regression resulted in better correlations than equivalent parameters. The absolute errors be-
nonlinear regression with anyone of five curve tween the estimated values and the actual values
types tested. of shbw density were on the average less by

method 2 than by methods 1 and 3. The rela-
EVALUATION OF ESTIMATING METHODS tive magnitude of errors in estimating snow

Each April snow water parameter for 1950- density was smaller than that of errors calcu-
1971 was estimated for three sites by using three lated for snow depth and water equivalent

methods for both recurrence and regression (Table 2).
procedures (Table 2). For example, by use of The larger errors observed for Graham ranch

--"~~"-"' ..
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measurements, compared to errors for Galena (Table 2). However, 75% of the absolute errors
and Galena Summit, may be acC'Ounted for by shown in Table 3 are within 1 standard devia-
the initiation of snowmelt in some years at the tion of the error of the 1950-1971 data sets
lower elevation site (Graham ranch) by April 1. (Table 2), a near normal distribution of the
In fact, the average absolute error is inversely error statistic being indicated. The recurrence
proportional to the elevation of the sites (Fig- analysis and the regression analysis produce
ure 1). similar results for each method on the three

The evaluations implied by the results shown courses (Table 3).
in Table 2 could be questioned, however, since The data given in Table 3 do not suggest any
the estimating formulas were based on a data one best method for estimating the snow water
set containing each of the individual entries. parameters because of the limited number of
Therefore the utility of the proposed methods sites examined. The method preference indi-
was evaluated by using 1972 data, which had rated by analysis of the 22-year data set is still
not been used in the original analysis. preferred.

April 1972 snow water parameters were esti-
mated for the Galena Summit, Galena, and the DISCUSSION

Graham ranch sites by using both the recur- It was found that both the recurrence anal-
rence analysis and the regression analysis and ysis and the linear regression analysis produced
all three estimating methods (Table 3). Mount similar results when the three estimating meth-
Baldy was again used as a reference site in ods, were applied to snow water data from sev-
methods 2 and 3. eral sites in central Idaho. The recurrence tech-

The relative magnitude of absolute errors nique presented is a reliable procedure that can
associated with the three estimating methods be used to estimate snow water parameters and
for snow depth, water equivalent, and density to supplement or provide added confidence to
does not indicate the same order of method data obtained from simple linear regression. ln
preference as suggested by the 1950-1971 data prediction of the snow water parameters at a

TABLE 3. Estimated Snow Depth, Water Equivalent, and Snow Density Values Compared to Measured
Values for April 1, 1972, at Three Sites

Recurrence Analysis Linear Regression Analysis

Galena Graham Galena Graham
Summit Galena Ranch Summit Galena Ranch

Snow Depth, inches
~easured 85 60 34 85 60 34
Estimated

~ethod 1 ~5(12) 75(25) 39(15) 92(8) 73(21) 40(18)
Method 2 78(8) 64(7) 42(24) 90(6) 62(3) 44(29)
~ethod 3 95(12) 74(23) 36(6) 96(13) 75(25) 37(9)

Water Equivalent, inches
Measured 31.6 23.4 12.5 31.6 23.4 12.5
Estimated

~etpod 1 3~.4(3) 25.5(9) 14.3(14) 32.4(3) 25.0(7) 14.6(17)
Method 2 26.9(15) 22.0(6) 14.1(13) 26.8(15) 21.6(8) 15.0(20)
~ethod 3 33.9(7) 26.5(13) 14.4(15) 34.0(8) 16.4(13) 14.3(14)

Snow Density
Measured 0.372 0.390 0.368 0.372 0.390 0.368
Estimated

~ethod 1 0.338(9) 0.334(14) 0.355(3) 0.344(8) 0.340(13) 0.340(8)
~ethod 2 0.349(6) 0.349(11) 0.343(7) 0.349(6) 0.347(11) 0.337(8)
~ethod 3 0.366(2) 0.298(24) 0.276(25) 0.364(2) 0.366(6) 0.308(16)

-
Numbers in parentheses indicate percentage of error in absolute terms.
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t particular site, neither the recurrence analysis the base sites best suited for use with methods
" nor the regression analysis appears consistently 2 and 3. These same variables might also be

i superior. Intuitively, the utility of either re- used in a multiple-regression analysis to im-
I currence or regres:io~ analysis to esti~ate snow prove the accuracy of the prediction.

water parameters IS Improved as the SIze of the
A k I d t Th th th k D M., c nowe gmen. e au ors an r, .

basIc data set Increases. Molnau University of Idaho, Moscow, for his

Although this recurrence analysis estimating helpful 'suggestions.

technique was tested on only four central Idaho
snow course sites, the analysis and methods REFERENCES

should be applicable also to other snow course Langbei~, "':' B" Plotting positions in ~reque,ncy
! sites in Idaho as well as other states. The reli- analysIs, In Flood-Frequency AnalysIs, edIted

b ' l ' f d .. A . 1 t by T. Dalrymple, U.s. Geol. Surv. Water Sup-
a Ilty 0 pre Ictmg prl snow wa er .param- ply Pap. 154S-A, 48-51, 1960.

: eters from the Mount Baldy base sIte was Soil Conservation Service, Idaho snow survey
, greatest for Galena Summit, ,less for Galena, measurements, 1921-1964,

and least for the Graham ranch site. This rank- Soil Conservation Service, Basic data summary
, . f ' d d ' I for western United States, 1965-1971,
mg 0 sItes correspon s to ecreasmg e eva- U S W t R C n '

I A un i fo rm tech-., b b . . f .. a er esources ou CI,
tlon of the sItes and the greater pro a Ihty or nique for determining flood flow frequencies,

melt to occur earlier at lower elevations, Ex- Bull. 15, pp. 7-8, Hydrol. Comm" Water Re-
posure would also be an important factor in sour, Counc., Washington, D. C., 1967.
timing snowmelt. Vance, ~. M" and B. L, Whaley, Snow frequency

.. analysIs for Oregon and Utah, paper presented
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curves could be analyzed by using variables such

as the mean, standard deviation, coefficient of (Received March 2, 1973;

skew, elevation, and site exposure to select revised April 17, 1973.)
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